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Experimental and theoretical adsorption study of ethanol on ice surfaces

Adsorption study of ethanol on ice surfaces were performed by combining experimental and theoretical approaches. The experiments were conducted using a coated wall flow tube coupled to a mass spectrometric detection. The surface coverage increases with decreasing temperature and with increasing ethanol concentrations. The obtained experimental surface coverages were fitted according to the B.E.T. theory in order to determine the enthalpy of adsorption ∆H ads and the monolayer capacity N M : ∆H ads = -57 ± 8 kJ mol -1 , N M = (2.8 ± 0.8)×10 14 molecule cm -2 . The adsorption characteristics of ethanol on a proton disordered Ih(0001) ice surface were also jointly studied by performing classical molecular dynamics simulations. More specifically, the configurations of the molecules in their adsorption sites and the corresponding adsorption energies have been studied as a function of temperature and coverage. In the simulations, the saturation coverage is around N M = 3.2×10 14 molecule cm -2 , and corresponds to an adsorption energy equal to -56.6 kJ mol -1 , in good agreement with the experimental value. The results are discussed and compared with previous determinations for alcohols.

Introduction

Recent measurements in the upper troposphere (UT) have revealed the presence of Partially Oxidised Hydrocarbons (POHs), such as alcohols, and these POHs may play an important role on the ozone cycle in this region. The upper troposphere defines a region of the atmosphere (between 8 and 12 km) characterised by its low temperatures (188 to 228 K) and where cirrus clouds cover a substantial portion (~25 %) of the earth's surface 1,2 . Upper tropospheric air which has been transported from the warm boundary layer, may become highly supersaturated with respect to water or ice resulting in the formation of large number densities of ice particles 3 . At temperatures below 233 K, cirrus clouds are predominantly composed of ice crystals 4 and these crystals can provide surfaces for trace gas interactions, that may promote heterogeneous reactions and therefore a re-partitioning of the different species between the gaseous and the solid phase.

The uptake of atmospheric pollutants on ice surfaces has been extensively studied for more than ten years, given their potential impact on the stratospheric ozone hole. Therefore, attention has mainly focused on halogenated or nitrated species such as HX, HOX, XONO 2 (X = Cl, Br), N 2 O 5 and HNO 3 [5][6][7][8][START_REF] Kroes | Comments At[END_REF] . By contrast, very few articles have been devoted to the characterization of POHs on ice, although their photo-oxidation can provide a substantial source of HO x radicals that are involved in photochemical and chemical cycles leading to ozone loss in the atmosphere. Among these POHs, acetone on ice is certainly the system that has been the most experimentally studied [10][11][12][13][14] and a relatively clear understanding of the acetone behavior on ice has emerged from the convergence of the various experimental data, in fair agreement with theoretical results 15,16 .

In a series of experiments, Sokolov and Abbatt have investigated the adsorption of different alcohols on ice as a function of their size (from ethanol to 1-hexanol) 11 , by using a coated-wall flow tube coupled to a mass spectrometer, between 213 and 245 K. The results

show that the saturated surface coverages are all within ±50 % of 3.0×10 14 molecules cm -2 , and correspond to monolayer-like coverages for alcohols. These results also suggest that the alkyl chains are aligned perpendicular to the surface at monolayer coverage 5,11 . In order to characterize the influence of the organic function (C=O, O-H, C(O)OH, C(O)H) on the interaction between POHs and ice, the adsorption on ice of acetic acid 11 , formaldehyde 12 , methanol 12,13 , acetaldehyde 13 , and 2,3-butanedione 14 has also been experimentally investigated, using a Knudsen cell flow reactor 13 or a coated-wall flow tube 11,12,14 . The corresponding adsorption energies have been measured within the same range, i.e. [-70, -50] kJ mol -1 for all these organic molecules except for formaldehyde, for which no significant adsorption has been evidenced.

From our knowledge, the theoretical studies devoted to the interaction between POHs and ice are very scarce. In a previous paper, we have used molecular dynamic simulations to characterize the adsorption of acetone on an ideal proton-ordered ice surface between 50 and 150 K 15 , and shown that this approach leads to theoretical results that are in good agreement with experimental data [10][11][12][13][14] , as well as with results issued from ab initio calculations at 0 K 16 .

However, the main advantage of molecular dynamics simulations with respect to ab initio calculations is the inclusion of temperature effects, and the possibility of taking into account a large number of molecules in the simulation cell. These two characteristics allow calculations within the same temperature range and the same coverage conditions as in the experiments.

The goal of the present study is to re-examine the interaction of ethanol with ice surfaces, at temperatures relevant for the UT, with an approach that combines experiments and theory.

Surface coverages of ethanol on ice have been experimentally measured in order to determine the values of the monolayer capacities N M and of the corresponding enthalpies of adsorption ∆H ads for temperature ranging from 193 K to 223 K. Our experimental data were then compared with those obtained in this work by Molecular Dynamics (MD) simulations performed in the same temperature range on a model proton-disordered ice surface. Although one previous experimental study has already been devoted to the ethanol/ice system 11 , this paper reports the first joint experimental and theoretical adsorption study of ethanol on ice.

Experimental section

The uptake of ethanol on ice surfaces was studied using a vertical coated wall flow tube (CWFT) coupled to a mass spectrometer, already described elsewhere 14 . We will therefore provide only a brief summary of its principle operation. The apparatus, which is shown in figure 1, has a double jacket to allow the system to be operated at low temperature. The cooling fluid was circulated in the inner jacket from a cooler/circulator (Huber, Unistat 385) while vacuum was maintained in the outer jacket for thermal insulation. The temperature of the flow tube could be cooled down and regulated between 193 and 223 K.

The jacketed flow tube was approximately 40 cm in length with an internal diameter of 2.8 cm. The ice surface was prepared by totally wetting with Milli-Q water (18 MΩ cm) the inner wall of the flow tube that was typically precooled between 258 and 263 K. The water film was then rapidly cooled down to 253 K to form an ice film and then to the desired temperature over a period of 10-30 min. The thickness of ice film was estimated between 30 and 200 µm by weighting the resulting liquid water, when the ice film was melted at the end of the experiment.

The helium carrier gas (UHP certified to > 99.9995 % from Alphagaz) was used without further purification. During the experiment, water vapour was added to the main He flow in order to provide a partial pressure of water, equal to the vapour pressure of water over the ice film and therefore inhibit net evaporation of the ice film. In practice, a small fraction of the helium flow, varying typically between 1 and 5 mL min -1 , was passed through a water bubbler thermostated at about 278 K and was diluted with a main flow of dry helium (100-200 mL min -1 ). The resulting gas mixture was then cooled down to the same temperature as that of the ice film in a glass tube of 20 cm in length (internal diameter 2.8 cm) where the excess of water was trapped. The resulting humidified helium flow was injected at the upstream end of the flow reactor.

Ethanol (≥ 99.8 %) was purchased from Carlo Erba and was further purified before use by repeated freeze, pump, and thaw cycles as well as by fractional distillation. To perform an experiment, ethanol was then premixed with helium in a 10 L glass light-tight bulb to form 1.1×10 -2 -2.4×10 -1 % mixtures, at a total pressure of ≈ 800 -950 Torr. The mixture containing ethanol was injected into the flow tube reactor via a sliding injector (figure 1). This later permits to change the reaction distance which can be varied up to 40 cm in order to change the gas/ice interaction time (0 -700 ms) or the exposed ice film surface (50 -260 cm 2 ). The injector was jacketed and a heating tape was wound up in the jacket, to ensure a gentle heating of the injector 14 .

All the gases flowed into the reactor through Teflon tubing. The gas mixture containing ethanol and water vapour diluted in helium was flowed through the reactor with a linear velocity ranging between 60 and 120 cm s -1 . The concentrations of ethanol in the gas phase were calculated from their mass flow rates, temperature and pressure in the flow tube (CWFT). All the flow rates were controlled and measured with calibrated mass flowmeters (Millipore, 2900 series) and the pressure that ranged between 2.5 and 7.0 Torr, was measured with two capacitance manometers (Edwards, 622 Barocel range 0-100 torr and Keller, PAA-41 range 0-76 torr) connected at the top and bottom of the flow tube. Under our experimental conditions, the mixing time τ mix between ethanol flow and the main He flow was lower than 2 ms 15 which corresponds to a mixing length smaller than 0.3 cm.

The gas stream coming out of the flowtube was analysed using a differentially pumped mass quadruple spectrometer Pfeiffer Vacuum QMS. Ethanol was monitored at the parent ion C 2 H 5 (O + )H peak at m/z = 46 amu, using a temporal resolution of 60 ms, an ionisation energy of 70 eV and an emission current of 1000 µA.

Experimental Results

Our work is the second experimental study of adsorption of ethanol on ice surfaces 11 .

Uptake experiments were performed by first establishing a highly stable flow of ethanol in the injector, this injector being positioned past the end of the ice film. The injector was then moved quickly (at ≈ 45 s, see figure 2) to an upstream position so that the ice film is exposed to ethanol. The uptake of ethanol on the ice film leads to a drop of signal as shown in figure 2.

On a time scale of about 15 s, the surface became saturated and the MS-signal returned to its initial level. When the injector was pushed back (t ≈ 124 s), the ethanol molecules desorbed from the ice surface and the signal increased and then again returned to its initial level after 15 s. Similar experiments were conducted over a temperature range 193 -223 K and for gas phase concentrations of ethanol varying from 6.4×10 11 to 1.2×10 13 molecule cm -3 .

In the temperature range of 203-223 K and for concentrations mentioned above, the integrated areas of the adsorption and desorption peaks were found to be the same, within experimental errors, so that adsorption of ethanol on ice could be considered reversible. At 193 K and for concentrations larger than 7×10 12 molecules cm -3 , the desorption peak was significantly smaller than the adsorption peak. As observed for the uptake of many species on ice surfaces 17,18 , unlimited gas-phase uptake can occur at low temperature and high gas phase concentrations due to a mechanism of surface adlayer growth via a flux of both ethanol and water vapor to the ice surface to generate a liquid solution or amorphous supercooled mixture. The missing ethanol will then be trapped either inside the generated solution or under this latter in the first solid layers.

Surface coverage

The number of ethanol molecules adsorbed on the ice surface was determined from the integrated area of the adsorption peak (in molecule s cm -3 ) and the total flow rate in the flow tube (cm 3 s -1 ). The surface coverage N (in molecule cm -2 ) of ethanol on ice was then calculated from the exposed ice surface S ice (in cm -2 ) according to N = N ads /S ice where N ads is the number of ethanol molecules adsorbed on the exposed ice surface. Our experimental ice surface areas are considered equal to the geometric areas of pyrex.

The experiments were performed using 5 different diluted mixtures and 8 newly generated ice surfaces in order to verify the reproducibility of the data. A typical example of ice film is shown in figure 3. The plot of surface coverage N versus the gas phase concentration at 223 K is shown in figure 4, together with the results obtained by Sokolov and Abbatt 11 . The relative errors on the gas phase concentrations (horizontal error bars) calculated from the possible uncertainties on each flow, total pressure etc. range between 2 and 25 %. The quoted errors on N (vertical error bars) arise from uncertainties made on the total flow rate, on the exposed ice area, on the concentration in the gas phase. They also include a systematic error of 2 % that corresponds to the error on the integrated area of adsorption peak. The resulting error on N varies between 6 and 20 %.

Isotherms

In this work, the data have been fitted by using B.E.T. isotherm theory where the surface is considered uniform so that all sites are equivalent and the ability of a molecule to adsorb at a given site is independent of the neighbouring sites. The choice for this quite simple model has been a posteriori justified by the very good comparison between the results issued from these experiments and those issued from molecular dynamics simulations (see the theoretical part of this paper). In B.E.T. model, the initial adsorbed layer can act as a substrate for further adsorption. In this case, for all layer except the first, the heat of adsorption is equal to the molar heat of condensation L.

The most convenient form of the BET equation for application to experimental data is given by the following equation:
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where Y is the BET function [START_REF] Gregg | Adsorption, Surface Area and Porosity[END_REF] , p and p 0 are respectively the partial pressure of the compound in the flow tube and its saturation pressure (Torr) and C is the BET constant (no unit). The values of the saturation pressures p 0 were calculated from the Antoine equation:

c T b a p log 0 + - = (2) 
The Antoine parameters available in the literature for ethanol are a = 5.372, b = 1670.41 and c = -40.19 20 . The saturation vapour pressures of ethanol are then the following (in Torr):

2.07×10 -3 (193 K); 9.71×10 -3 (203 K); 3.81×10 -2 (213 K); 1.29×10 -1 (223 K).
The plot of Y against p/p 0 gives a straight line with a slope s = (C-1) / N M C and an intercept i = 1 / N M C. The BET plot is linear for relative pressures higher than 7.5×10 -4 as shown in figure 5. The values of N M and C determined from a combination of the slope and intercept (N M = 1/(s+i) ; C = s/i + 1) are reported in table I. The B.E.T. constant is then used to derive the enthalpy of adsorption from the following expression:

(T) H lnC RT (T) H vap ads ∆ + - = ∆ (3) 
The enthalpy of adsorption is independent of temperature between 193 and 223 K and the average value is ∆H ads = -57 ± 8 kJ mol -1 . Even if the values of N M seem to be slightly higher for the lowest temperature (193 K), the average monolayer capacity corresponding to the adsorption of ethanol on ice surfaces is N M = (2.8 ± 0.8)×10 14 molecules cm -2 . For either ∆H ads or N M , the quoted uncertainties were taken as the mean of the four individual errors at each temperature.

Comparison with previous studies

Our results are reported in the table II together with previously reported data for primary The same authors have shown that the monolayer capacity of a primary alcohol on ice do not change within the experimental errors (N M = 3.1×10 14 molecules cm -2 ) when the alkyl chain increases. They concluded that it was probably an indication that when the surface is saturated, the molecules are oriented in a similar manner with the hydroxyl group binding to the ice surface and the alkyl chain at right angles to the surface. They have also found that the adsorption enthalpy decreases in absolute value when the alkyl chain was shorter. Indeed, the value of ∆H ads = -61.8 ± 3.3 kJ mol -1 for ethanol is smaller in absolute value than that for 1butanol (∆H ads = -67.3 ± 7.5 kJ mol -1 ), itself lower than that obtained for 1-pentanol (∆H ads = -71.5 ± 3.3 kJ mol -1 ) 11 . This is consistent with the both determinations of ∆H ads for methanol: ∆H ads = -51 ± 10 kJ mol -1 12 and ∆H ads = -45 kJ mol -1 13 .

Molecular dynamics calculations

Interaction potential

The intermolecular potentials used in the present study to describe the interaction between water and ethanol molecules consist of site-site potentials which contain coulombic and Lennard-Jones contributions. These potentials are written as
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where is the distance between the ith and jth sites of the interacting molecules. q ij r i e is a point charge located at the ith site, and σ ε, are the usual Lennard-Jones parameters. For the lateral interaction V between the ethanol molecules, we use the model proposed by Briggs et al. eth eth- [START_REF] Briggs | [END_REF] in which charges and dispersion-repulsion centers are located on the atoms of the hydroxyl group and on the C atom of the alkyl groups, that are treated as single sites centred on the carbon atom. TIP4P model is used for water-water interaction 22 ( ) and the parameters for the interaction V between ethanol and water are obtained by using the usual Lorentz-Berthelot combining rules, defined as follows:

w w V - w eth- j i ij ε ε ε = (5) and 2 j i ij σ σ σ + = (6) 
The various potential parameters are summarized in Table III. In the simulation, all interactions between sites are damped through a switching function S(R) (where R is the centers of mass separation between molecules) which is defined such as, at the boundaries of the switching region, the potential energy is continuous and the switching function first and second derivatives are zero 15 .

Details of the simulation

We consider adsorption on the (0001) basal plane of proton disordered hexagonal ice.

The simulation box is a parallelepiped of sizes L x = 35.914 Å and L y = 38.878 Å along the x and y directions perpendicular to the c axis of ice. It contains six bilayers of moving water molecules which form a slab of 21.99 Å thick. These moving water molecules are placed on a slab consisting of four bilayers of fixed water molecules. To simulate an infinite surface, periodic boundary conditions are imposed by replicating the simulation box along (x,y). This box contains a total of 1600 water molecules, 960 of them being moving molecules. The initial configuration of the water molecules 23 obeys the ice rules [START_REF] Eisenberg | The Structure and Properties of Water[END_REF] and has no net charges and no net dipole moment. In order to check the influence of the proton ordering on the simulation results, we have also considered adsorption on proton ordered hexagonal ice. In this case, the simulation box is a parallelepided of sizes The simulation box also contains a certain number of moving ethanol molecules that is determined from experimental results. In the experiments, the averaged maximum number of adsorbed ethanol molecules in a monolayer is equal to (2.8 ± 0.8)×10 14 molecules.cm -2 (see experimental section). This corresponds to 45 predictor-corrector method based on the quaternion representation of the molecular orientations is used for the orientational equations χ θ ϕ , , [START_REF] Allen | Computer Simulations of Liquids[END_REF] . Every run involved an equilibration period of 60000 steps (132 ps), followed by a production run of 40000 steps (88 ps). The initial linear and angular velocities for each moving molecule are taken from a Boltzmann distribution corresponding to the desired simulation temperature. The simulations are performed in the NVT ensemble using a Berendsen thermostat. The potential cut-off in the calculations of the acetone-acetone, acetone-water and water-water interactions is handled through three different neighbor lists [START_REF] Allen | Computer Simulations of Liquids[END_REF] , with the same radial cutoff (15 Å) in the direct space.

Due to this large cut-off, the calculations of the electrostatic interactions through the Ewald scheme were not necessary [START_REF] Spohr | [END_REF] . Simulations are performed at 193 and 223 K, i.e. the boundaries of the temperature range considered in the experiments.

Theoretical Results

Geometry of the admolecules

We first characterize in our calculations the translational ordering of the ethanol molecules along the z axis, perpendicular to the ice surface, in order to determine the maximum coverage corresponding to the formation of one complete monolayer above the ice surface. Indeed, this information can be directly compared to the experimental data.

As an example, the distribution functions p(z) of the distances between the molecular centers of mass of the moving molecules (water + ethanol) and the origin of the absolute frame is given in Fig. 7a for a coverage of 49 ethanol molecules, at both 193 and 223 K. The double peaks correspond to the hexagonal arrangement of the water molecules, which is preserved at these low temperatures, although a certain disorder is evidenced for the surface layer of the ice crystal. Note that these distribution functions for the water molecules are very similar to those obtained by Kroes in molecular dynamics simulations of the surface melting of the (0001) face of TIP4P ice (i.e. using the same potential than in the present simulations) 27 , indicating that the ethanol adsorption between 193 and 223 K does not significantly modify the ice surface characteristics. At the surface of our ice crystal, the single peak around 36.0 Å corresponds to the monolayer arrangement of the 49 ethanol molecules.

This peak does not shift significantly when the temperature increases from 193 to 223 K, although it slightly broadens due to the thermal fluctuations (Fig. 7a).

The distribution functions p(z) at 193 K for the ethanol molecules only are also shown in indicating the formation of a single ethanol layer above the ice surface. However, it is interesting to note that, in the simulation with 64 molecules (i.e. the number of molecules corresponding to the monolayer completion in the simulation with 98 molecules), only 55 molecules out 64 are arranged in a first layer, the remaining molecules being adsorbed in an upper layer (Fig. 7b). This difference is due to the fact that, in a simulation with 98 molecules, the 34 excess molecules in the upper layer act as a cover that prevents the 64 molecules in the lower layer from escaping.

On the basis of these results, we can conclude that, from a theoretical point of view, the monolayer contains between 49 and 55 molecules, i.e. between 3.0 and molecules.cm the ethanol molecules. However, a careful analysis of the data shows that the molecular orientations still correspond to a configuration where the OH groups are closer to the ice surface than the alkyl chains (see Fig. 9).
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The distribution function p (not shown) is much less structured than and ) (ϕ
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and tends to spread over the whole angular range. This feature is connected to the proton disordering at the ice surface and to the optimization of the lateral interactions between ethanol molecules. Very similar results are obtained at 223 K, although the corresponding peaks in the orientational distribution functions are wider due to larger thermal fluctuations. By contrast, more pronounced preferred orientations are obtained on proton ordered ice (not shown), due to the periodic arrangement of the dangling OH bonds at the ice surface.

formation of hydrogen bonds. The integrated intensity of the first peak in g , up to the first minimum, gives the number of Y atoms in the first shell of the X atom. The present results for and g indicate that 55 % of the ethanol molecules act as a proton donors, whereas 42 % of these molecules acts as proton acceptors, the remaining molecules (around 3 %) being not involved in such bonding with the ice surface. For the third function (

), the integrated intensity of the first peak indicates that, in average, 43 % of the ethanol molecules are also bound via lateral hydrogen-bonds. Note that some ethanol molecules form hydrogen-bonds both with the ice surface and with a nearest neighbour ethanol molecule, as shown on the snapshot issued from the simulation at 193 K and at monolayer coverage (49 molecules, Fig. 9). 

Conclusion

The present paper reports the first combined experiments/theory study of the interactions between ethanol and ice. In the experiments, the adsorption of ethanol on ice has been characterized between 193 and 223 K, and is found to be (almost) fully reversible in this temperature range. The enthalpy of adsorption is independent of temperature between 193 and 223 K, and the average value is ∆H ads = -57 ± 8 kJ mol -1 . Even if the values of N M seem to be slightly higher for the lowest temperature (193 K), the average monolayer capacity corresponding to the adsorption of ethanol on ice surfaces is N M = (2.8 ± 0.8)×10 14 molecules cm -2 . These values are in good agreement with previous experimental data 11 . From a theoretical point of view, molecular dynamics simulations have been used to investigate, at a molecular level, the details of the adsorption characteristics of ethanol on ice, in the same temperature range as in the experiments, and with a number of ethanol molecules in the simulation box that reproduces the experimental amount of adsorbed molecules. At first sight, it seems quite difficult to compare the theoretical results with the experimental data because the simulations are performed on a perfect ice crystal, and correspond to equilibrium situations. Nevertheless, the energy values obtained in our simulations are in very good agreement with the measured values, and this indicates that the potential used in the present study is accurate enough to describe the ethanol/ice interactions. This also justifies a posteriori our analysis of the experimental data with the BET theory. Note that no other theoretical study is available in the literature for the ethanol/ice system. The calculated saturation coverage (3.2×10 14 molecules.cm -2 ) is also in good agreement with the values issued from the BET analysis of the experimental data, and is similar to that deduced from experimental and theoretical studies of other systems such as methanol or acetone adsorbed on ice [11][12][13]15,16 . The main advantage of the simulations is that they provide additional information on the structure of the adsorbate, and on the competition between ethanol-ice and ethanol-ethanol interactions. In particular, the theoretical results evidence the formation of hydrogen bonds in the simulated system, and a relatively strong influence of the intraadsorbate interactions on the structuration of the ethanol molecules on ice. Finally, the present simulations indicate that the ethanol molecules are oriented with their alkyl chain directed away from the ice surface (Fig. 9), in agreement with the trends inferred from experiments on alcohols of different sizes adsorbed on ice 11 . 
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  Similar reversible adsorptions on ice were already observed for acetone, methanol and formaldehyde byWinkler et al. (2001) 12 or for C 2 -C 6 n-alcohols bySokolov et al. (2002) 11 .
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 2 OH (where R = H, CH 3 , C 2 H 5 , n-C 3 H 7 ).Sokolov and Abbatt (2002) 11 have studied the adsorption of ethanol on ice surfaces between 218 and 233 K in the concentration range of 3.01×10 11 -2.73×10 13 molecules cm -3 , using a Coated Wall Flow Tube coupled to a mass spectrometer. Under their experimental conditions, the adsorption was always found reversible. In the figure4, our measurements of N (molecules cm -2 ) plotted versus the concentration of ethanol at 223 K, are in good agreement with those determined by Sokolov and Abbatt. In the same way, our values of N M and ∆H ads are also consistent with those derived by these authors with Langmuir model: N M = 2.9×10 14 molecules cm -2 , ∆H ads = -61.8 ± 3.3 kJ mol -1 .
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 13 molecules in our simulation box. Thus simulations have been performed at low (9 ethanol molecules), medium (25 and 49 ethanol molecules) and high coverages (64 and 98 ethanol molecules). At the beginning of the simulations (initial conditions), the ethanol molecules are randomly distributed above the surface, in a single plane (9, 25, 49 and 64 molecules) or in two planes (98 molecules) because, on the basis of the experimental results, this latter coverage would correspond to the formation of more than one monolayer above the ice surface. Each molecule is treated as a rigid rotor, and six external coordinates are used to describe the translation of the center of mass (x,y,z) and the orientation of the molecule ( ) with respect to an absolute frame tied to the bottom of the simulation box. The translational equations of motion are solved with a time step of 2.2 fs using the Verlet algorithm, and a
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  Fig. 7b in order to study the influence of the ethanol coverage on the translational ordering of the adsorbed molecules. In this figure, it is cleary evidenced that two layers are formed for the highest coverage (98 molecules) since two peaks are obtained in the corresponding p(z) function. The integrals of these peaks indicate that the layer close to the ice surface contains 64 ethanol molecules, whereas the 34 remaining molecules arrange themselves in a second layer. Lower ethanol coverages lead to the occurrence of only one peak in p(z) (Fig. 7b),
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 2 Similar results are obtained when considering the proton-ordered ice crystal. Additional information concerning the orientations of the ethanol molecules can be obtained from the simulations, through the study of the angular distribution functions ) the orientation of the molecule in an absolute frame. defines the orientation of the C-C axis with respect to the z axis perpendicular to the ice surface, is the angle made between the projection of this C-C axis in the (x,y) plane and the y axis, and the internal rotation of the ethanol molecule around its C-C axis is characterized by . The angular distribution functions are given in Fig. 8 for two typical situations corresponding to submonolayer (9 molecules) and (nearly) monolayer (49 molecules) coverages, at 193 K. At submonolayer coverage, the distribution exhibits a single large peak around 115°, with a full width at medium height (FWMH) equal to about 30°. This value corresponds to a tilted orientation of the C-C axis of the ethanol molecules, the methyl group being away from the ice surface. Note that the large value of the FWMH indicates large angular fluctuations around the mean value, due to the thermal motions at the temperature of the simulation. In the same way, characterized by one single large peak centered around a mean value of 300° which corresponds to an orientation of the OH group directed toward the ice surface, compatible with the formation of hydrogen bonds with the water molecules. At full monolayer coverage, additional peaks are evidenced in ) ( p θ and due to lateral interactions which tend to flatten down ( ) ( p χ °= θ 83 ) or to lift up ( )

Figure 1 :

 1 Figure 1: Schematic illustration of the vertical coated wall flow tube.

Figure 2 :

 2 Figure 2: Ethanol concentration in the gas phase as a function of time during the adsorption of ethanol on ice surfaces at 213 K with [ethanol] =4.6×10 12 molecule cm -3 .

Figure 3 :

 3 Figure 3: Digital picture of a typical ice film (74 µm). Note that the stripes correspond to the winding of the resistance around the warming and sliding injector (in white).

Figure 4 :

 4 Figure 4: Surface coverage of ethanol versus its gas phase concentration at 223 K. Our data are compared with those obtained by Sokolov and Abatt (2002). Our quoted errors are detailed in the text.

Figure 5 :

 5 Figure 5: Plot of Y versus the relative pressure (p/p 0 ) according to the B.E.T. model (see eq.

1 )

 1 for the four studied temperature i.e. 193, 203, 213 and 223 K. The dashed line represents the lower limit under which B.E.T. analysis is not valid i.e. for p/p 0 < 7.5×10 -4 while the solid lines correspond to the plots obtained according to eq. 1. The quoted errors are detailed in the text.

Figure 6 :

 6 Figure 6: Snapshot of the ice crystal (side view of the simulation box) at T = 193 K, showing the six mobile layers of proton disordered ice adsorbed on four rigid ice layers.

Figure 7 :

 7 Figure 7: (a) Distribution functions p(z) (in arbitrary unit) of the distance z (Å) of the water and ethanol molecular centers of mass from the bottom of the simulation box at 193 and 223 K for a coverage equal to 49 ethanol molecules; (b) distribution functions p(z) of ethanol molecules only, for different coverages at 193 K, and for proton disordered ice.

Figure 8 :

 8 Figure 8: Angular distribution functions for the ethanol molecules on proton disordered ice at 193 K and for two typical coverages : nearly isolated molecules (9 molecules -dotted curve) and monolayer (49 molecules -full curves): (a) angle θ; (b) angle χ. The angles are in degrees, and the distribution functions are given in arbitrary units.

Figure 9 :

 9 Figure 9: Snapshot issued from the simulation of 49 ethanol molecules adsorbed on proton disordered ice ((a) top view; (b) side view showing only the top layers of the system) at 193 K. The water molecules are represented by small sticks for clarity.

Figure 10 :

 10 Figure 10: Radial distribution functions g(r) for the distances between the oxygen atom of the ethanol molecule and the H atoms of the water molecules ( ) or the H atom of the OH group of the neighboring ethanol molecules ( g ), and between the hydrogen atom of the OH group of the ethanol molecule and the O atom of water ( g ), at 193 K and for a coverage corresponding to 49 ethanol molecules on proton-disordered ice.
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Table I :

 I Fit parameters for B.E.T. Isotherms corresponding to adsorption of ethanol on ice surfaces. The errors bars are given at 2σ levels (see text). in molecule cm -2 ; b in cm 3 molecule -1 ; c in kJ mol -1 .

	T	a N M (×10 14 )	b C (×10 2 )	c ∆H vap	c ∆H ads
	193	3.30 ± 0.66	3.13 ± 1.42	-47.17	-56.4 ± 8.4
	203	2.62 ± 0.26	3.31 ± 0.62	-46.84	-56.6 ± 3.7
	213	2.51 ± 0.44	6.39 ± 1.87	-46.48	-57.9 ± 6.7
	223	2.67 ± 1.67	4.83 ± 3.02	-46.10	-57.6 ± 14.3

a

Table II :

 II Adsorption of ethanol on ice surfaces: comparison with previous works.

	Compound	T range	∆H ads	N M (10 14 )	Technique	reference
		K	kJ mol -1	molecule cm -2		
	Methanol	198-223	-51 ± 10	3.2 ± 1.0	CWFT a	
	Methanol	< 180	-45	-		
	Ethanol	193-223	-57 ± 8	2.8 ± 0.8	CWFT a	This work
	Ethanol	218-233	-61.8 ± 3.3	3.1 ± 0.3	CWFT a	
	1-butanol		-67.3 ± 7.5			
	1-pentanol		-71.5 ± 3.3			

Table III :

 III Parameters for the potentials used in the simulations. The coordinates of the different sites are given with respect to the molecular frame located at the center of mass.

	Site		coordinates (Å)		q (e)		ε (kJ mol -1 )	σ (Å)
			(x,y,z)							
	Water									
	O		( 0.000; 0.000; -0.0650)	-		0.592		3.152
	H		( 0.757; 0.000; 0.5208)	0.52		-		-	
	H		(-0.757; 0.000; 0.5208)	0.52		-		-	
	site elec.		( 0.000; 0.000; 0.0845)	-1.04		-		-	
	Ethanol									
	H (OH)	0	( 0.0000; 0.872; 1.694) 50	100	0.435	150	-	200	-	250
	O (OH)		( 0.0013; 0.880; 0.752)		-0.700 time (s)		0.709		3.07
	C (C-OH)	(-0.0030;-0.479; 0.311)		0.265		0.492		3.905
	H (CH 2 )		( 0.8970;-0.977; 0.738)		-		-		-	
	H (CH 2 )		(-0.9090;-0.969; 0.733)	-		-		-	
	C (CH 3 )		( 0.0000;-0.515;-1.212)		-		0.730		3.905
	H (CH 3 )		( 0.0000;-1.565;-1.585)	-		-		-	
	H (CH 3 )		( 0.9050;-0.008;-1.621)	-		-		-	
	H (CH 3 )		(-0.8980;-0.004;-1.626)	-		-		-	

a CWFT : Coated Wall Flow Tube.
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Energy of the admolecules

The different contributions to the total energy for the system ethanol-proton disordered ice are given in Table IV. At 193 K, and low coverage (9 ethanol molecules), the lateral interactions between ethanol molecules ( ) are negligible, and the total potential energy (about -67 kJ mol

) mainly comes from the electrostatic interaction between ethanol and water molecules. When the coverage is increased up to the completion of one monolayer (between 49 and 64 ethanol molecules), increases from 8% (25 ethanol molecules) to 26 % (49 ethanol molecules) and 35 % (64 ethanol molecules) of the total potential energy.

Note that the ethanol-ice interaction ( V ) decreases (in absolute value) when increasing the ethanol coverage due to the influence of the lateral interactions on the geometry of the adsorbed ethanol molecules. This leads to a strong decrease of the total energy when a second layer of ethanol is formed above the ice surface (98 ethanol molecules).

Taking into account the kinetic energy, the total energy per ethanol molecule ranges from -47.2 to -68.9 kJ mol -1 for the various coverages and temperatures considered in the present simulations.

Very similar trends are obtained when considering adsorption on proton-ordered ice crystal. Indeed, around monolayer coverage, the total energy at 193 K increases from -53.0 to -51.7 kJ mol -1 when the coverage is increased from 49 to 64 ethanol molecules in the simulation box, respectively.

Characterization of hydrogen bonds

In order to characterize the hydrogen bonding between ethanol molecules and ice, and